Abstract: Label-free visualization of nerves and nervous plexuses will improve the preservation of neurological functions in nerve-sparing robot-assisted surgery. We have developed a coherent anti-Stokes Raman scattering (CARS) rigid endoscope to distinguish nerves from other tissues during surgery. The developed endoscope, which has a tube with a diameter of 12 mm and a length of 270 mm, achieved 0.91% image distortion and 8.6% non-uniformity of CARS intensity in the whole field of view (650 µm diameter). We demonstrated CARS imaging of a rat sciatic nerve and visualization of the fine structure of nerve fibers. 
Introduction
Robot-assisted surgery has become a standard method for the treatment of cancer. Advantages of robot-assisted surgery include less burden on the patient and less bleeding as compared to traditional open surgery, resulting in improved quality of life (QoL) [1] [2] [3] . Under robot-assisted surgery, surgeons observe high-resolution, high-magnification, depth perception images provided by a video camera in a rigid endoscope [4] . However, surgeons must determine the extent of resection by recognizing subtle absorption differences of visible light and utilizing anatomical knowledge. For instance, surgeons performing robot-assisted laparoscopic prostatectomy are expected to excise the prostate gland without injuring the surrounding nervous plexus because preservation of neurological function is required for avoiding erectile dysfunction and achieving early recovery of urinary function [5, 6] . Although relatively thick, visible nerves, such as neurovascular bundles, have been targeted and preserved, invisible nerves that also play an important role for urinary function are often overlooked and removed with the prostate gland [7] . Therefore, intraoperative nerve visualization for use with endoscopic robots will undoubtedly improve the QoL of patients.
Several methods have been proposed and demonstrated for visualizing and/or identifying nerves. Electrical stimulation is used for the identification of motor nerves [8] . However, this method cannot be applied to the identification of sensory and autonomic nerves. Although dye-based techniques are useful for the visualization of nerves [9] , toxicity and specificity are often serious issues for medical applications. To overcome these issues, recently, label-free nerve identification using spontaneous Raman scattering spectroscopy and imaging has been investigated [10] .
Raman scattering provides information about molecular vibrations and is highly sensitive to the biological molecular species. Label-free identification and mapping of myelinated nerves, unmyelinated nerves, adipose tissue, and fibrous connective tissue of peri-prostatic tissue by the analysis of Raman spectra has been demonstrated [10, 11] . Moreover, to achieve rapid, accurate detection of peripheral nerves, 32-point Raman scattering spectroscopy by using a microlens array has been proposed, and high specificity and accuracy for nerve detection has been shown [12] . Flexible Raman endoscopes have also been developed and applied to cancer detection [13, 14] . Although spontaneous Raman endoscopy has been shown to be useful for intraoperative measurements, the low intensity of spontaneous Raman scattering limits this technique to single-point detection.
Coherent Raman scattering (CRS) imaging techniques have attracted much interest for highspeed imaging of biological tissues. Imaging techniques based on CRS, such as coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS), have been proposed for visualizing nerves without staining [15] [16] [17] . CRS employs two-color pulsed lasers: a pump beam (ω p ) and a Stokes beam (ω s ). When the frequency difference between the pump and Stokes beams coincides with a molecular vibration (Ω = ω p -ω s ), non-linear Raman effects of CARS and SRS are induced. Since the CARS and SRS signals are much larger than that of spontaneous Raman scattering, video-rate imaging of biological tissue has been reported [18] [19] [20] [21] . Using CRS microscopy, myelinated nerves were visualized by exciting CH 2 bonds derived from lipids within myelin sheaths [15] [16] [17] . CRS microscopy is a powerful method for label-free nerve imaging. Recently, several groups have investigated miniature and/or flexible fiber CRS imaging systems for clinical use [22] [23] [24] [25] [26] [27] [28] . On the other hand, for robot-assisted surgery, inserted part into the human body should be small diameter (typically smaller than 12 mm diameter) [29] , but flexibility of the inserted part is not required. In this paper, we describe the development of a CARS rigid endoscope as a new portable label-free nerve imaging tool toward robot-assisted surgery.
Development of CARS rigid endoscope system
A CARS rigid endoscope must have the following four features: two synchronized ultrafast pulsed lasers with different colors, an optical fiber connecting the lasers and the endoscope for achieving portability, a small-diameter endoscope tube to easily access the surgical region, and an imaging system for visualization.
Two ultrafast pulsed lasers are required to generate a CARS signal and are spatially and temporally overlapped with high accuracy. Since the excitation laser sources are highly sensitive to atmospheric fluctuations or vibrations, they must be separated from the endoscope head. The endoscope head must also be portable. We use an optical fiber to deliver the two laser beams to the head. In the rigid endoscope, a lens tube with small diameter is used to decrease the physical burden on the patient. Finally, a beam scanning and epi-detection system are required for CARS endoscopy. Since CARS is a non-linear optical process, the laser beams must be focused at the same point and two-dimensionally scanned to obtain an image.
The schematic optical design of the developed CARS rigid endoscope system is shown in Fig. 1(a) . The system consists of synchronized pulsed lasers with different wavelengths (ω p , ω s ), a single-mode fiber (SMF), a reflective fiber collimator, and a rigid endoscope head. A picosecond mode-locked Ti:sapphire laser (repetition rate = 80 MHz, Tsunami, Spectra-Physics) and a picosecond acoustic-tunable optic-filter (AOTF) mode-locked Ti:sapphire laser (repetition rate = 80 MHz, Megaopt) operated at different wavelengths are used as light sources. The wavelengths of the two pulses are set to 709 nm and 888 nm to visualize lipids of nerves within myelin sheaths using CH 2 symmetric stretching at a Raman shift of 2845 cm −1 . The two pulses are temporally synchronized with a synchronization system described previously [19, 30, 31] , and the temporal time difference is adjusted with an optical delay (Mark-202, Sigmakoki). The two pulses are coupled into a single-mode fiber (SMF; P1-630A-FC-2, Thorlabs) using a reflective fiber collimator (FC1; RC04FC-P01, Thorlabs), and the delivered pulses are coupled out and collimated with a reflective fiber collimator (FC2; exit beam radius = 1 mm, RC02FC-P01, Thorlabs). In the rigid endoscope head, the two pulses travel to the sample plane through a beam splitter (BS), a scanning system implemented by galvanometer mirrors (GVS002, Thorlabs) for XY scanning, and a rigid endoscope tube. Backscattered CARS is detected with a photomultiplier tube (PMT; C9110, Hamamatsu). Reflection light and transmission lights are also detected with silicon photodiodes (PD2, PD3).
As shown in Fig. 1 (c) and (d), the tube of the CARS rigid endoscope (diameter = 12 mm, length = 270 mm) consists of cylinders, a pair of relay lenses (RL; f = 75 mm, TS achromatic lens 9 × 75 VIS-NIR INK, Edmund), and an achromatic objective lens (OB; f = 7.5 mm, AC050-008-B-ML, Thorlabs). As shown in Fig. 1(d) , three types of cylinders, namely, outer cylinders (outer diameter = 12 mm, inner diameter = 9 mm), inner cylinders (outer diameter = 9 mm, inner diameter = 7 mm), and a cap cylinder (outer diameter = 12 mm, inner diameter = 7mm), are used to fix the positions of the relay lenses. As shown in Fig. 1(e) , in the current setup (beam radius = 1.0 mm), the numerical aperture is 0.13.
Evaluation of developed system

Group delay difference between two laser pulses in optical fiber
In order to obtain the CARS signal, the two color laser pulses must be temporally and spatially overlapped on the sample. Since the two laser beams are combined and then delivered using a single-mode fiber, spatial overlapping is guaranteed at least on the output end face of the fiber. To confirm temporal overlapping on the sample, the cross-correlation of the two pulses was observed. Figure 2 shows cross-correlation signals of the two laser pulses observed before introducing the single-mode fiber (PD1 in Fig. 1(a) ) and at the sample (PD3) position by scanning the optical delay. The wavelengths of the pump and Stokes beams were set to 709 and 888 nm, respectively. Cross-correlation signals were observed with two-photon detectors (TPDs). Since the TPDs were photodiodes made of a wide band gap semiconductor (GaAsP: G1115, Hamamatsu), they were insensitive to single-photon absorption of the Ti:sapphire laser light but were sensitive to two-photon absorption [32, 33] . As a result of two-photon absorption, the current from the photodiodes was proportional to the square of the laser power, and the intensity cross-correlation of the two laser pulses was detectable. Blue and red lines were observed before and after delivering the laser pulses with a 2 m single-mode fiber, respectively. Because of the group delay dispersion of the single-mode optical fiber, the timing of the two laser pulses was shifted by about 50 ps. For CARS imaging we had to adjust the optical delay to maximize the CARS signal. Since the large dispersion of the fiber reduced the overlapping period of the two laser pulses, the nonlinear effects in the fiber were not a severe problem. The coupling efficiencies of the pump and Stokes beams were 65% and 50%, respectively. 
Estimation of field of view, distortion, uniformity and spatial resolution
To examine the field of view of the developed rigid endoscope, we observed 500×500-pixel transmission images of micrometer scales (Fig. 3) by scanning the galvanometer mirrors and using a Si photodiode placed at PD3 in Fig. 1(a) . Figure 3(a) shows that the diameter of the field of view was 650 µm, which corresponds to a 450 µm × 450 µm square image. The distortion of the image was estimated by observing a micrometer grid scale (Fig. 3(b) ). The average distances between the black grid lines on the red lines at the left, center and right were 6.69, 6.67 and 6.70 pixels, respectively. Those at top, middle and bottom drawn indicated with blue lines were 6.51, 6.45 and 6.48 pixels. Therefore, the obtained image showed pincushion distortion smaller than 0.91%. Figure 3 (c) is a CARS image of 45 µm polystyrene beads. The average and standard deviation of the CARS intensity of each bead were 19.4 and 1.66, respectively, confirming that high uniformity (non-uniformity: 8.6% ) was achieved. Figure 3(d) and (e) show a CARS image of 2 µm polystyrene beads and its CARS intensity profile to estimate the spatial resolution. The full-width at half maximum of the CARS intensity profile of a 2 µm polystyrene bead was 2.91 µm. Non-linear effect improved the spatial resolution of CARS image even though the Airy radii of excitation beams (λ = 709 and 888 nm, beam diameter = 2.0 mm) are 3.3 and 4.2 µm, respectively.
CARS endoscopic imaging of myelinated nerve in rat sciatic nerve
To demonstrate nerve imaging, CARS imaging of a rat sciatic nerve was performed using the developed endoscope. A myelinated nerve has a layered structure consisting of a neuronal axon, myelin sheaths, and Schwann cells. Since myelin sheaths have abundant phospholipids, myelinated nerves can be visualized by Raman imaging of the CH 2 symmetric stretching vibration of the lipid at 2845 cm −1 . A formalin-fixed sciatic nerve of a Sprague-Dawley rat purchased from Japan Lamb Co., Ltd. was prepared as a sample (Fig. 4(a) ). The rat sciatic nerve was cut along the axis to observe the nerve fibers (yellow dotted circle in Fig. 4(a) ), sandwiched between a cover slip and slide glass using a silicon spacer (2 mm thickness), and the gap was filled within phosphate buffered saline to prevent drying. Figure 4 (b) and (c) show transmission and CARS images of the sciatic nerve, respectively. Individual fine nerve fibers were clearly detected in the CARS image of the lipid (arrow in Fig. 4(c) ). The inset image indicated by the asterisk is a magnified view of the white square region in Fig. 4(c) . The cross-sectional nerve structure of myelin sheaths surrounding the neuronal axon was also clearly visualized. At the sample position, the powers of the pump and Stokes beams were 30 mW and 15 mW, respectively. The number of pixels was 500 × 500, and the final image was obtained by accumulating 300 images at 2 s/image. We consider that the non-uniformity of CARS intensity of nerve (Fig. 4(c) ) is caused by the polarization dependency of CARS. It is known that the myelin sheath shows polarization dependency of CARS signal [34] . However, the image also includes the effect of epi-detection. Further investigations are required to identify nerve with high accuracy. 
Discussion
The features of the developed CARS rigid endoscope are 2.91 µm spatial resolution, 650 µm diameter field of view (450 µm × 450 µm square image), low distortion and high CARS intensity uniformity. The developed rigid endoscope is not so high resolution comparing with the previously reported CRS endoscopic systems [22] [23] [24] [25] [26] [27] [28] . However, our system provides the largest imaging field of view. For intraoperative purpose, not imaging of individual nerve cells, but identification of nerve distribution is demanded. Therefore, an endoscope with large field of view is suitable for robot-assisted surgery. Relay lenses with shorter focal length will enlarge the field of view.
We succeeded in label-free imaging of a rat nerve using the developed rigid endoscope. However, a large number of accumulations, that is, a long exposure time, was required for obtaining an image. As imaging within several seconds is required to achieve intraoperative use, the imaging speed must be improved. Tight focusing and spatial overlapping of the two laser beams on the sample will improve the imaging speed.
Chromatic aberration, which reduces the degree of spatial overlapping of the two beams, is a major limiting factor for high-speed, non-linear Raman imaging. Although chromatic aberration of a conventional endoscope reduces the resolution and imaging quality, in non-linear Raman imaging it decreases the signal level. In the present system, since the two laser pulses were delivered with a single-mode fiber, they were completely overlapped at the exit end of the fiber. To reduce the chromatic aberrations, we used a reflective fiber collimator and achromatic relay and objective lenses. Nevertheless, we observed some chromatic aberration of the developed endoscope at the wavelengths use for nerve imaging.
We estimated the longitudinal (i.e., along the optical axis) chromatic aberration of the developed system by measuring the longitudinal distance between the focal spots of the two laser beams. Figure 5 shows the normalized two-photon absorption signals of the two excitation laser beams. The solid and broken lines are the results for the pump (λ = 709 nm) and Stokes (λ = 888 nm) beams, respectively. The peak of the curve indicates the position of the focus, and the focal positions of the two beams were shifted by 21 µm. In order to detect the focal spots, we also used a TPD. Because the current of the TPD is proportional to the square of the intensity, it is maximized at the focus where the photon density is the highest. The curves in Fig. 5 were obtained by scanning the TPD with a z-axis stepping motor stage (OSMS80-20ZF, Sigmakoki) along the optical axis of the endoscope around the sample position. Since longitudinal aberration reduces CARS intensity, we numerically estimated the effect of correction of longitudinal aberration on the CARS intensity. The CARS intensity is proportional to the product of f 2 p and f s when the phase matching condition is satisfied. In the case of a highly scattering sample, the obtained CARS signal depends on the surface intensities of the excitation beams and is expressed by
Here, f p and f s are three-dimensional intensity distributions near the focal points of the ω p and ω s beams, respectively [35] , φ is a collection factor of the backscattered light, a is a beam radius, r is the radial coordinate on the focal plane, z is the coordinate along the optical axis, and z is the longitudinal focus difference between the two beams. Figure 6 (a) shows CARS signal intensities versus the longitudinal focus difference between the pump and Stokes beams (z ) with the current objective lens ( f = 7.5 mm). Since Eq. (1) is a function of z, we gave the z that maximizes the CARS intensity to plot individual points in Fig. 6 . The vertical axis is normalized by I CARS (a = 1.0 mm, z' = 0 µm), where a = 1.0 mm is the beam radius of the present system. It was found that increasing the beam radius and reducing chromatic aberration increased the CARS intensity. Figure 6 (b) also shows the enhancement factor of the CARS intensity with increasing beam radius (vertical axis is similar to that in Fig. 6(a) ) in the case of an f = 5 mm objective. The CARS signal intensity with corrected chromatic aberration (z = 0), enlargement of the beam radius to 2.0 mm, and a tight focusing objective lens ( f =5.0 mm) was 90 times as large as the CARS signal intensity obtained with the current conditions ((a, z , f ) = (1.0 mm, 21 µm. 7.5 mm)). In the present system, nerve imaging required 600 seconds; however, surgeons cannot wait for such a long time. Increasing the CARS intensity by a factor of 90 will reduce the imaging time to several seconds. 
Conclusion
We developed a CARS rigid endoscope for intra-operative nerve imaging and demonstrated CARS imaging of a rat sciatic nerve. Myelinated nerves were clearly visualized with the CH 2 symmetric stretching at 2845 cm −1 . The developed endoscope tube had a diameter of 12 mm and a length of 270 mm. The excitation beams were delivered with a single-mode optical fiber. An image was obtained by scanning the beams with galvanometer mirrors and detecting the backscattered CARS signal with a photomultiplier tube. The diameter of the field of view was 650 µm, and a uniform CARS intensity in the whole field of view was confirmed. In the present system, the imaging time required ten minutes. However, from the results of numerical simulation, imaging within several seconds should be achievable by correction of longitudinal chromatic aberration and tightly focusing the beams. This technique is applicable to non-destructive, high-speed, highly molecule-specific imaging, in particular nerve imaging, and will contribute to further improvements in the safety of endoscopic surgery and the QoL of patients. 
